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Detection of a Boson Star at Sgr A* through Gravitational Lensing
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(Dated: September 26, 2018)
Observations of the Sgr A* region in the galactic center confirm the presence of a large amount
of matter in a small volume, leading to the consensus that a black hole exists there. However,
dynamical observations cannot rule out the presence of a boson star, a compact object made up
of scalar particles, as both objects are far more compact than the scale of current observational
constraints. While a boson star in the galactic center is disfavored for a number of theoretical
considerations, we outline the first test that can directly observe a boson star. We accomplish this
by studying the strong gravitational lensing of S stars resulting from the assumption of a boson
star in the Galactic Center. Boson stars have an extended mass distribution and are transparent
to electromagnetic radiation, giving rise to a radial caustic curve. We calculate the brightness of
images formed by stars crossing these radial caustics and show that a boson star would give rise to
much brighter images than a black hole with a similar mass and that those images would be easily
bright enough to be detected with upcoming instruments.
PACS numbers: 04.40.-b, 98.62.Sb, 04.80.Cc
I. INTRODUCTION
Over the last generation, increasingly precise ob-
servations of the Sgr A* region in the center of our
galaxy have given astrophysicists exciting results [1]. In
particular, observations of stellar orbits in the galactic
center put strong constraints on the mass contained in
a small volume, leading to the conclusion that there is a
black hole of about 4.31×106 M⊙ and at a distance from
Earth of 8.33 kpc [2]. Alternatives to a black hole have
been considered, including a boson star [3], a collection
of scalar particles that are upheld against gravitational
collapse by the Heisenberg uncertainty principle and a
repulsive interaction between the component particles.
This creates a compact object that comes in different
sizes, but no smaller than about an order of magnitude
larger than a black hole of the same mass. While there
are open questions as to how a boson star could form
in the galactic center and why it would not accrete
baryonic matter and collapse into a black hole, there is
little way to probe the distance scale that differentiates
whether the mass at Sgr A* is a black hole or a boson
star.
In this paper, we explore the possibility that the nature
of this dark object could be telegraphed through observa-
tion of its secondary images. Studies have considered the
properties of secondary images of stars orbiting a black
hole at Sgr A*; excitingly, images created by a boson star
can be much brighter because the extended mass distri-
bution of the boson star gives rise to radial caustics. In
Sec. II, we discuss boson stars and their potential role in
the galactic center. In Sec. III, we show that boson star
lensing would lead to greatly enhanced secondary images.
∗ binnun@gmail.com; Department of Physics, Yeshiva University
In Section IV, we discuss the implications and prospects
for these observations.
II. BOSON STARS
Fundamental scalar fields have only recently been con-
firmed to exist in nature [4], but play a key role in the-
oretical particle physics. A boson star (BS) is a massive
collection of complex scalar particles localized by self-
gravitation and self-interaction encoded in the potential
U(|Φ2|). Solutions for the complex scalar field Φ arise
from the coupled Einstein and Klein-Gordon equations:
(
✷+
dU
d|Φ|2
)
Φ = 0, (1)
Rµν −
1
2
gµνR = −
8pi
M2
P
Tµν (Φ) , (2)
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(
1/
√
|g|
)
∂µ
(√
|g|gµν∂ν
)
, MP is the Planck
mass, Tµν (Φ) is the stress-energy tensor derived by vary-
ing the Lagrangian of the scalar field, and units are nor-
malized so G = c = 1.
The system of equations (1-2) is solved using a spher-
ically symmetric ansatz for the scalar field, Φ (r, t) =
P (r) e−iωt and we assume a spherically symmetric space-
time with the metric in the area gauge:
ds2 = −A(r)dt2 +B(r)dr2 + r2
(
dθ2 + sin2 θdφ2
)
. (3)
The solution to these equations depends on the form of
U(|Φ|2). The non-interacting case U = m2|Φ|2, where
m is the mass of the component scalar particle, was
studied by [5]. They found a family of stable solutions
parameterized by the central density of the field Φ(0). A
potential of form U(|Φ|2) = m2|Φ|2 + λ|Φ|4 was studied
by [6] and other potential forms are reviewed in [7].
2Many superposed particles become a boson star. As
more particles are added, the boson star eventually be-
comes unstable against gravitational collapse, with the
maximum stable mass depending on the mass of its com-
ponent particles and the form of its potential [3]. To
form a supermassive boson star of about four millions so-
lar masses from non-interacting particles, the component
particles must be incredibly tiny, of order 10−23 MeV.
With a self-interaction term of order λ|Φ4|, with λ set
to unity, boson stars of four millions M⊙ can be formed
from particles around a MeV in mass; we concentrate on
this case.
In [6], a boson star is solved in the case where self-
interaction dominates. This occurs when the condi-
tion Λ ≡
λM2
P
m2 ≫ 1 is met. In this case, the Klein-
Gordon equation is solved algebraically to leading order
in Λ, yielding P∗ = (Ω
2/A − 1)
1
2 , where Ω ≡ ω/m and
P∗ ≡ PΛ
1
2 . This procedure also yields a simple set of dif-
ferential equations for the metric coefficients, making it
straightforward to solve the spacetime around such a bo-
son star. The initial value Ω2/A(0) is the central density
of the boson star and determines the metric functions
for the boson star spacetime. Hence, we have a single
parameter family of boson stars.
A. Boson Star in the Galactic Center
While there is strong evidence for a black hole at the
center of the galaxy [1], most observations are consistent
with the presence of a compact boson star; it is nearly
impossible to rule out such an object without direct and
detailed X-ray observations at resolutions currently un-
available [3]. There have been discussions about poten-
tially differentiating black holes and boson stars using
accretion disk profiles [8], gravitational waves [9], and
several other means [10], but no direct test is yet possi-
ble. In terms of lensing, differentiating characteristics of
black holes, boson stars, and fermion stars were partially
explored by [11, 12].
Existing bounds of the boson star parameter space are
very weak [13]. As λ becomes larger, the denser a boson
star can be without collapsing . The densest stable boson
star as λ → ∞ occurs for A(0) ≈ 0.52, representing a
lower bound. Currently, the only upper bound on A(0)
in the literature comes from the constraint that the boson
star’s mass must lie almost entirely within the orbit of
S2. Simulations we performed place this bound asA(0) <
0.998.
There have been several studies using gravitational
lensing of S stars to test the nature of the black hole
at Sgr A* [14, 15]. Secondary images are formed by light
that travels “around” the lens and is seen by the observer
on the opposite side of the lens as the source. When light
approaches close to a relativistic object the bending angle
is
α(x0) = 2
∫
x0
∞
(
B(x)
C(x)
)1/2 [(
x
x0
)2
C(x)
C(x0)
A(x0)
A(x)
− 1
]−1/2
×
dx
x
− pi, (4)
where x ≡ r/2M and M is the mass of the lens. This
function is inserted into the modified Ohanian lens equa-
tion [14, 16] to solve for the image position
γ = α(x0)−
DLS(t)
DS
θ(x0), (5)
where γ is the angle between the optic axis (line connect-
ing observer and lens) and the line connecting the source
to the lens, θ is the image position (to the observer, rela-
tive to the optic axis), DL is the constant distance from
the observer to the lens (in this case, the distance be-
tween Earth and Sgr A*) and DLS is the distance, which
varies over time, between the lens and the source star.
A solution to this equation, x0, corresponds to a unique
angular position on the sky where the image appears (θ).
The magnification for an image is [17]
µ =
D2L
D2LS
sin θ
dγ
dθ sin γ
. (6)
Qualitatively, our argument is as follows: The turning
point in the bending angle for a boson star, illustrated in
Fig. 1, implies that for some value of x0, dγ/dθ disap-
pears and the magnification in Eq. 6 is infinite. This cor-
responds to the star crossing the radial caustic curve and
the image appearing on the radial critical curve. Since
α(x0) is bounded and not monotonic, there can be two
(or no) secondary images that form simultaneously. In
the galactic center, these images are not be resolvable
from each other with current and projected technologies,
but we consider the sum of their fluxes. In the next sec-
tion, we detail this calculation for several specific cases.
III. RESULTS
Computing the bending angle requires determination
of the metric functions. The method in [6] breaks down
near the point where the scalar field is predicted to be
zero. In reality, the field asymptotes to zero at infinity.
To generate solutions for all values of the radial coordi-
nate, we solve the differential equation until the field is
near zero. The vast majority of the star’s mass is within
this radius, so we smoothly sew on an exponentially de-
caying function onto the function A(x). Using the new
form of A(x), we solve for B(x), which results in a well-
behaved function with expected properties. Finally, A(x)
is offset by a constant to align it asymptotically with the
Schwarzschild case. This generates smooth curves for
A(x) and B(x) with the distinct form expected in for a
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FIG. 1. The bending angle curve as a function of x0 for a
Schwarzschild black hole and several boson stars. Boson stars
are parameterized by the single quantity A(0), with a smaller
A(0) representing a denser boson star. The denser the boson
star, the sharper the peak in the bending angle function.
boson star, serving as a toy model for studying boson
star lensing.
The functions are used to calculate the bending angle
in Eq. 4 as a function of x0, shown in Fig. 1.
A. Boson Star Lensing
While a black hole lens will always produce a sec-
ondary image [18, 19], the bending angle of a boson star is
bounded, so stars will have secondary images only if they
are well-aligned enough. For a particular star, an image
will appear only when γ is small enough for a real solution
to Eq. 5. The largest γ for which an image appears is
approximately the maximum value of the bending angle
(αmax). From Fig. 1 and the properties of S stars [17], it
is apparent that, except for the densest boson stars, only
a subset of S stars will have a secondary image and only
for the portion of the stellar orbit for which γ is small
enough.
Of particular interest is when the star crosses the caus-
tic, which is located where dγ/dθ = 0. The secondary
image first appears when the edge of the star reaches the
caustic, continues to brighten as the center of the star
continues to cross the caustic, and then quickly darkens
as the majority of the star crosses and moves away from
the caustic. The location of the caustic depends on the
parameter A(0). In Fig. 2, we show the brightness over
time of S27’s secondary image; we chose S27 because of
its bright secondary image and small minimum value for
γ.
In Fig. 2, the image seems to appear and brighten
nearly instantaneously. In Fig. 3, we show the light
curve as the star’s center crosses the caustic. Note that
for each curve in the figure, the point t = 0 occurs at a
different point in the star’s orbit, corresponding to when
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FIG. 2. Apparent magnitude of the secondary image of S27 in
the K band if lensed by a Schwarzschild black hole or a boson
star of different densities. For most of the orbital period, the
secondary image for a boson star is absent, then it rapidly
appears and brightens to peak brightness before fading to the
same brightness as it would be in the case of a black hole
(as the star moves from the caustic). Finally, the image once
again rapidly brightens and then disappears as the star crosses
the caustic again. As can be seen, even for the densest boson
star considered, the secondary image becomes considerably
brighter than in the case of a black hole. For the least dense
boson star considered, the brightness peaks, for a short time,
at K = 19.7, which is more than 10 times brighter than the
peak brightness in the case of a black hole.
the stellar center crosses the caustic for the corresponding
density boson star.
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FIG. 3. The secondary image of S27 as the star crosses the
caustic for three different boson star densities. The shape of
all of these light curve is roughly similar — as the boson star
becomes less dense, the region of high magnification near the
caustic widens and images become considerably brighter.
For all calculations thus far, we have assumed the ra-
dius of S27 to be R⊙. In reality, little is known about
stellar characteristics in the galactic center. Stellar size is
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FIG. 4. The size of S27 is unknown. For three different sizes
of a star with the orbit and brightness of S27, we demonstrate
the resulting light curve. Smaller stellar radii result in sharper
light curve peaks.
important, because larger stars do not brighten as dra-
matically when crossing a caustic. While S27 has not
been well-analyzed, the star is likely similar to S2, which
has been modeled both as an OB giant with radius ap-
proximately 10R⊙ and as a “stripped” older star with
a radius approximately R⊙ [20]. Dependence of image
brightness on stellar is illustrated in Fig. 4 — we exam-
ine the case of R = 0.1R⊙ to illustrate the sharp magni-
fication experienced objects such as white dwarfs, which
may very well lurk invisible in the galactic center.
Fig. 2 demonstrates the two caustic crossing events in
a stellar orbit. In Fig. 5, we illustrate the light curve for
the second caustic crossing of S6. For a black hole lens,
the image achieves a peak brightness of K = 20.7, which
is the brightest predicted secondary image. For a boson
star, the image can be brighter than K = 18, luminous
enough to be in range of next generation of instruments.
IV. DISCUSSION
Observation of S star secondary images would be a
dramatic development and would either confirm the ex-
istence of a boson star in the Galactic Center or rule
out most of the parameter space. Upcoming experiments
such as the Very Large Telescope Interferometer (VLTI)
instrument GRAVITY or the adaptive optics camera MI-
CADO at the European Extremely Large Telescope (E-
ELT) will have the ability to observe some of these im-
ages. GRAVITY should be able to capture details as
faint as K = 19 and MICADO should be able to capture
details, even in the crowded galactic center, of sources
considerably fainter than K = 20. Discussions of the rel-
evancy of these instruments for lensing observations in
the Galactic Center can be found in [14, 21].
Observing two distinct secondary images would con-
firm the existence of a boson star. However, the separa-
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FIG. 5. An analysis of S6’s image as S6 crosses the radial
caustic. A boson star has the ability to generate images con-
siderably brighter than the brightest possible black hole image
of K = 20.7.
tion between the two images at their brightest is under
10 µas, well beyond the resolution of upcoming instru-
ments. If a secondary image was confirmed to be absent
when expected for a black hole lens, that would confirm
the existence of a boson star-like object. If a secondary
image were to quickly brighten more than expected for
a black hole lens and then fade to the black hole base-
line, that would be very strong evidence of a boson star.
Additionally, images of small sources lensed by a boson
star can be brighter than the primary image, so a boson
star could turn invisible sources into visible secondary
images.
The photometric sensitivty of both GRAVITY and MI-
CADO should allow lensing to be observed through as-
trometric measurements of centroid shift even if no im-
age can be resolved from the quiescent state of Sgr A*
(K = 17) [21]. It is important to note that a caustic
crossing event due to a boson star should be easily dis-
tinguishable from the results of Kerr black hole lensing,
as Kerr caustics are too close to the black hole on the
observer’s sky [22] and will not be crossed by any known
S star.
The prospects for observing a lensing event may be
greater than is commonly thought, as the stellar content
of the Galactic Center is poorly understood [23]— if rel-
atively bright but small stars are abundant, we would
expect a boson star to cause bright events on a frequent
basis. With upcoming instruments and increased knowl-
edge about stellar populations, gravitational lensing can
serve as a valuable tool to probe distance scales that have
never been previously accessible, an exciting prospect for
shedding new light on this astrophysical frontier.
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